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Characterizing the Core of Mercury
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The preferred source of Mercury’s magnetic field
(Ness, et al., 1974) is a dynamo (Ness, et al., 1975),
whichinturnimpliesthat Mercury hasacurrently molten
core. However, whether or not a given model with dif-
ferentiation has a core with at least a conducting, molten
outer layer that persists to the present depends critically
on assumptions about the time of core formation, the
time varying distribution of radioactive elements within
the planet, core composition, thermal conductivitiesand
theefficiency of convective heat transport. (Siegfried and
Solomon, 1974; Fricker et al., 1976; Cassen et al.,1976;
Schubert et al. 1988), The reservations about the per-
sistence of a molten core and the profound implications
for thermal histories of terrestria planets, the theory of
planetary dynamos, and rotational history of Mercury
makes the existence and size of the suspected fluid core
probably the most important information that could be
obtained about the planet Mercury. We review past as-
sertions bel ow that the determinationsof the four param-
eters, Cy, Ca2, 0, ¢, aresufficient to determinethesize
and state of Mercury’s core (Pedle, 1976, 1981, 1988).
Co and C, are gravitational harmonics, 6 is Mercury’s
obliquity and ¢ is the amplitude of the forced, 88 day
period libration in longitude. The existence of gravity
assisted spacecraft trajectories to Mercury with modest
propulsion systems (e.g., Yen, 1989), and the possibility
of determining these parameterswith instrumentation on
a Mercury-orbiting spacecraft (Wu, et al, 1996; Zuber
and Smith, 1997) makes a re-examination of this pro-
posal particularly relevant.

There are two necessary conditions on the core—
mantle interaction for the experiment to work: 1. The
coremust not follow the 88 day physical librationsof the
mantle. 2. The core must follow the mantle on the time
scal e of the 250,000 year precession of thespinin Cassini
state 1 (See Peale, 1969 for discussion of Cassini states).
We shall assume these two conditions are satisfied to de-
velop the method and later establish the constraints on
the core viscosity for which they are satisfied.

The physical libration of the mantle about the mean
resonant angular velocity arises from the periodically re-
versing torque on the permanent deformationas Mercury
rotatesrelativeto the Sun. Theamplitudeof thislibration

isgiven by (Pede, 1972),
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where the moment of inertia in the denominator is that
of the mantle alone since the core does not follow the
librations. The core is assumed axially symmetric so it
does not contributeto B — A. Dissipative processes will
carry Mercury to rotational Cassini state 1 (where spin,
orbit precessional and orbital angular velocities remain
coplanar) with an obliquity 6 closeto 0° (Peale, 1988).
Thisleadsto a constraint,
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where the moment of inertiain the denominator is now
that of thetotal planet sincethe coreisassumedto follow
the precession. Note that the precession here is not the
relatively rapid precession of the spin about the Cassini
state in the frame rotating with the orbit, which the core
isnot likely to follow, but it is the precession of the orbit
(with the much longer period) in which framethe spinis
locked if Mercury occupiesthe exact Cassini state.

The lowest order gravitational harmonics are ex-
pressed in terms of the moment differences as follows.
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where the numerical values are estimated for Mercury
from Mariner 10 flyby data (Anderson, et al, 1986). Egs.
(3) can besolved for (C' — A)/M,a? and (B — A)/M,a?
in terms of Cyy and Co,, determined by tracking the
orbiting spacecraft. Substitution of the solutions of Egs.
(3) into Eq. (2) yields a numerical value for C/M,a?
sincethe K; are known oncethe obliquity 6 is measured.
Measurement of the amplitude ¢ of the physical li-
bration determines (B — A)/C,, (EQ. (1)) from which
three known factors give
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A value of C),/C of 1 would indicate a core firmly
coupled to the mantle and most likely solid. If the entire

Cop = == —(6.042.0) x 10°°,

Cxp = =(1.0+05) x 107°, (3)
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core or the outer part isfluid, C,,/C' ~ 0.5 for thelarge
coresize (r. ~ 0.75Ry) in current models of the interior
(Cassen et al., 1976).

Arethe necessary condition on the core-mantleinter-
action likely to be satisfied? Two time constants for the
decay of adifferentia rotation of a spherical cavity and
itscontained fluid are used to rel ate the coupling constant
between the core and mantle to the kinematic viscosity
(Peale, 1988).
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where the first applies to small viscosities and the latter
to large viscosities with ¢ being Mercury’s spin rate.
If = > 88 days, the core will not follow the mantle,
and if 7 <« 250,000 years, the core will follow the
precession of the mantle angular momentum. These
conditions correspond to
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4x107* < v <5x10°to 4 x 10° cm?/sec.  (6)

Asthisrangeincludesall possiblevaluesfor theviscosity
of likely core materia (e.g. Gans, 1972), the experiment
should work if the core-mantle coupling is primarily of
aviscous nature.

Measured ranges of values of Cyg, C2; are given in
Egs. (3), and values of the obliquity and of the libration
amplitude corresponding to the extremes values of these
harmonicsare

175,00 <, 26acmin 205, ¢ < 4, 60arcsec,
()
where 6§ follows from the solution of Eq. (2) and ¢ from
Eq. (1) with ¢ = .854(B — A)/C,,, for e = 0.206 and
Cy/C = 0.5and C//M,a? = 0.35 being assumed.

To estimate the required precision of the measure-
ments for meaningful interpretation, we designate the
four parameters whose nominal values are given in Egs.
(3) and (7)) by n; and write
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where the superscript 0 indicates the nominal values of
the parameters, f; = —0.83,0.83, —1, —1 respectively
for the terms in Eq. (9) with ; = Cu,Cx,0, ¢,
and where the numerical value corresponds to frac-
tional uncertainties of 0.01, 0.01, 0.1, 0.1 respectively
for the four parameters with nominal values C3, =

—6 x 107>, C2, = 1 x 10=°, #° = 3 arcmin, and
¢o = 30 arcsec being assumed. If instead of the
second of Egs. (3), we assume Cp = —Cy/8 and
C/Mya? = 0.35, then 5.2 > 6° > 1.0 arcmin for
2x10°° <,y —Co <4y, 1 x 107% with the cor-
responding range of ¢° being shifted only slightly to
smaller values. But because the angles are all small, the
fi are not significantly affected in the uncertainty esti-
mate provided C5 / C2o remains approximately constant.

Themaximum error wouldyield C,,,/C = 0.5+0.11
which would distinguish the molten core. Since the nu-
merical coefficientsin Eq. (9) are not very sensitive to
the nominal values of the parameters, the error estimates
remain the same for other reasonable values of the pa-
rameters if the fractional uncertainty of each parameter
is unchanged. If, on the other hand, we fix each param-
eter uncertainty to be that value derived from the above
assumed fraction of the central value but et the nominal
valuesgototheextremesinEq. (9), C,,/C = 0.5+0.24
for al minimal nominal values,and C,,,/C' = 0.5+0.065
for all maxima nomina values. Even the worst case
would distinguish a molten core, although the core size
would not be well constrained.

Measurement of Cyy and C, to two significant fig-
ures and A6 and A¢ to afew arcseconds will assure that
meaningful boundson C,,,/C are obtained.
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